ABSTRACT Polyamine (PA) titers and the activities of arginine decarboxylase (ADC, EC 4.1.1.19) and ornithine decarboxyhse (ODC, EC 4.1.1.17), enzymes which catalyze rate-limiting steps in PA biosynthesis, were monitored during tobacco ovary maturation. In the period between anthesis and fertilization, the protein content of ovary tissues rapidly increased by about 40% and was accompanied by approximately a 3-fold increase in ODC activity, while ADC activity remained nearly constant. PA titers also remained relatively unchanged until fertilization, at which time they increased dramatically and the DNA content of ovary tissues doubled. This increase in PA biosynthesis was correhted with a further 3-fold increase in ODC activity, reaching a mximum 3 to 4 days after fertilization. During this time, ADC 
Changes in polyamine metabolism have been correlated with numerous growth and developmental processes in plants (24) . The precise biological roles for these amines are not understood, but it seems clear that PA2 titers influence many aspects of cellular metabolism, such as nucleic acid and protein synthesis (28) , upon which growth and differentiation are dependent.
In mature, nongrowing plant tissues, both PA levels and the activities of enzymes regulating PA metabolism are low, while the situation in actively .growing tissues is reversed (23 In growing, nondividing tissue, such as expanded cereal leaves, ADC appears to be the primary enzyme regulating PA titers (26) . This is also true of carrot tissue undergoing embryogenesis (10) . ADC has also been extensively investigated with regard to its induction by various types of stress, light, and several plant hormones in differentiated tissues (cf 24) In rapidly dividing cells and in many meristematic or reproductive tissues, particularly among solanaceous plants, PA biosynthesis tends to be correlated with changes in ODC activity (6, 7, 15) . However, there have been comparatively few studies of the involvement of ODC in regulation of PA biosynthesis in growing tissues, relative to that of ADC.
Recently, Cohen et aL (6) have suggested that ODC and ADC regulate Put biosynthesis and growth during early and later stages of tomato ovary development, respectively. This conclusion was supported not only by observed changes in the relative activities of these enzymes, but also by the fact that specific inhibition of ODC during the postfertilization period resulted in a significant inhibition ofgrowth, which was partially reversible by exogenous Put supplied to the tissue. Unfortunately, the authors provided no information on endogenous PA titers in control or inhibitortreated tissues, or in ovary tissues at different developmental stages. Thus, a causal relationship between changes in PA levels and growth could not be supported.
We have recently been investigating various aspects of PA metabolism in tobacco, which has been extensively studied with regard to nicotine biosynthesis, since the N-methylpyrrolidine ring of this alkaloid is derived from Put (22) . In addition, PAs in tobacco callus tissue usually occur almost entirely as hydroxycinnamic acid amide conjugates (21) , and in suspension cell cultures of certain tobacco mutants, these conjugates represent the majority of phenolic constituents in the cell (2) . While the physiological significance of these amide conjugates is not known, it has been suggested that they may play a role in the regulation of flowering (4) . Their close association with the reproductive organs of most plants studied to date (19) and reports that several tobacco mutants exhibiting altered PA metabolisms also exhibit abnormal floral and vegetative morphologies ( 17) '4C]arginine in 10 mm unlabeled L-arginine, for ADC). In both assay mixtures, the ratio of labeled to unlabeled substrate was identical and enzyme activity was measured at saturating levels of substrate. The rate of decarboxylation was linear for at least 60 min and was directly proportional to the amount of enzyme added. Three replicates of each sample were run for each experiment.
Aliquots of extracts were added to assay tubes containing substrate in a salt/ice bath. The reaction was initiated by incubation of the assay mixture (200 ML) in a 37°C water bath and stopped, after 45 min, by the addition of 200 Ml of cold 10% PCA. Assay tubes were then incubated at 37°C for an additional 45-min period to allow equilibration of 4C02 between the KOHimpregnated collection disc, the gas phase and the acidified reaction mixture in the tube. Basal rates of decarboxylation (controls) were estimated by addition of PCA at time zero, followed by 45 min equilibration at 37°C. After equilibration, KOH discs were removed from the assay tubes, allowed to air dry, then added to 4 ml scintillation cocktail (Ready-Solv MP, Beckman) in glass vials. Radioactivity on the discs was quantitated using a Beckman LS-7000 liquid scintillation counter.
Pipetting accuracy was monitored by counting 20-Ml aliquots of substrate stock solutions applied directly to the discs.
ODC and ADC pH Optima. Day 10 ovary tissue was extracted as described above, but the AS fraction was dialyzed against pH 7.5 (37C), 10 (Fig. 3A) . In the pellet hydrolysates, Put and Spm showed little change, while Spd titers in this fraction (Fig. 3B) followed the much larger changes in soluble Spd conjugate levels (Fig. 4) . The levels of soluble Put conjugates exhibited changes similar to those of free Put, although the tissue concentrations of the free diamine were considerably lower.
Changes in Spd conjugate titers in the tobacco ovary appeared to be well-correlated with the biphasic growth and postfertilization DNA synthesis in this organ (Figs. 2 and 4 From data shown in Table II , it is obvious that the developing seed does not constitute the major site of PA accumulation in the maturing tobacco ovary. In fact, PA titers continue to decline during seed ripening and, notably, the levels of soluble PA conjugates are very low.
Polyamine biosynthesis during ovary development was also investigated by assaying changes in the activities of ADC and ODC. Preliminary studies indicated that ODC activity in these tissues was much higher than ADC activity at all stages of development, and that maximal activity was reached near d 10. Therefore, extracts of ovaries at this stage were used in the initial characterization of these enzymes.
Tobacco ODC exhibited a rather broad activity optimum around pH 8 (Fig. 5) , as was also reported for this enzyme from suspension cultures of the XD tobacco cell line (14) . ADC activity was optimal near pH 8, as well (data not shown).
ADC and ODC activities throughout ovary development are shown in Figure 6 . ADC activity appeared to increase more or less linearly through anthesis and fertilization, peaking 3 to 4 d later. The activity ofthis enzyme then declined to prefertilization levels over the next several days, then remained constant during further ovary development. ODC activity, however, nearly tripled in the days preceding fertilization then, following fertilization, increased dramatically, in synchrony with new PA and DNA synthesis preceding the period of rapid ovary enlargement. ODC activity, like that of ADC, peaked about 4 d after fertilization, but unlike ADC, remained elevated above prefertilization levels during the remaining period of ovary development, although decreasing linearly with time. At its peak, ODC activity was approximately 140 times higher than that of ADC.
DISCUSSION
Changes in PA metabolism during tobacco ovary development were generally similar to those reported for maturing tomato fruits (6) . In both organs, decarboxylase activities peaked abouteven during the later period of growth, in which ovary enlargement appears to result from cell enlargement, rather than new cell division. This situation differs from several other studies of root and shoot growing axes in which high ODC activities have been shown to be associated with meristematic tissues, while in older, maturing tissues behind the meristem, ODC activity rapidly declines in relation to that of ADC (6, 9) .
Polyamine titers during tobacco ovary maturation closely reflect the relative ODC activity in this tissue. Unexpected, however, was the observation that the major changes in PA levels occurred in the amide conjugate, rather than in free, PA pools. In the present study, we investigated changes not only in free PA titers, but also in two classes of PA conjugates, namely, those released from the PCA-soluble and insoluble fractions by acid hydrolysis of the amide bond. The conjugates in the insoluble (pellet) fraction have not been characterized extensively but, undoubtedly, a large portion of these are bound to uronic acid (13) or lignin (31) constituents of the cell wall, or other macromolecules. In tobacco, it is known that the majority of the acidsoluble amines are represented by hydroxycinnamic acid amide conjugates of PAs and two aromatic monamines, phenethylamine and tyramine (5). While we have not attempted to identify the conjugate moieties associated with PAs, it has been shown (4) that in tobacco ovary tissues, caffeoyl-Put and caffeoyl-Spd are the major PA conjugates.
The physiological significance of the amide conjugats of PAs is not known. These compounds do not normally occur in leaves or other vegetative tissues of tobacco, but they accumulate in shoot apices upon floral initiation, leading to a proposal that they may be involved in the physiology of flowering (4). This notion is strengthened by the finding that in the nonflowering mutant, RMB7, these amides are not produced under conditions leading to floral initiation in the wild type plant (cf 28). It has been observed, however, that these conjugates accumulate in shoot apices ofinduced plants maintained at 30C, a temperature which inhibits flowering (5); therefore, their precise role in floral differentiation is unresolved. It is known that certain classes of PA conjugates are specifically associated with different floral tissues (4) and in one corn mutant, low levels of PA conjugates and the complete absence of feruloyl-Put appear to constitute a biochemical marker for male sterility in seeds (20) . In addition, amide conjugates of PAs have been reported to be among the major phenolic compounds of most higher plant reproductive tissues examined to date (19) , which would suggest that they do indeed play some functional role in reproductive physiology or development. They may confer virus resistance to the seed or other reproductive tissues (27) , since it has been shown that infection of leaves with tobacco mosaic virus results in increased production of these amides and topical application of the conjugates to infected leaves reduces the number of tobacco mosaic virus lesions (18) .
The functions of the conjugates in cellular PA metabolism similarly are poorly understood. Berlin (2) has found that in suspension cell cultures of a tobacco mutant (TX4) which overproduces the enzyme phenylalanine ammonia lyase, resulting in a greatly increased production ofphenolics, there is a corresponding increase in PA biosynthetic activity. In these cells, caffeoyland feruloyl-Put conjugates may represent 85% of the phenolic constituents, accounting for approximately 10% of the cell dry weight. Radiolabeled arginine or ornithine are largely incorporated into Put conjugates in this mutant but, following specific inhibition of phenylalamine ammonia lyase, label accumulates in free Put pools. The latter situation is also noted for the wildtype TX (15) and other related plants (7) . However, the fact that cell expansion growth, and even protein synthesis, continue unabated during ovary maturation, while PA biosynthesis and titers are declining, suggest that there is no simple correlation between PA titers, per se, and "growth." This may be the result of PA accumulation to levels which sustain growth for extended periods of time, perhaps due to some storage form of PAs, such as the amide conjugates in tobacco. This situation might explain why there have been so few reports in which significant growth inhibition has been shown to result from markedly decreased PA titers accomplished through the use of specific inhibitors of PA biosynthesis in vivo. Indeed, it has been reported that in log phase cultures of Chlorella grown in the presence of difluoromethylornithine, a significant increase in generation time is not observed until the second cell cycle, suggesting that endogenous PA titers are sufficient to support cell division and related biosynthetic activities for a considerable time (8) .
LITERATURE CITED
